Abstract: Solute-solvent electronic structure interactions of iron-porphyrin at very low concentration in dichloromethane (CH 2 Cl 2 ) liquid solution are reported. Two iron porphyrin complexes are investigated here, iron octaethylporphyrin chloride (FeOEP-Cl) and iron tetraphenylporphyrin chloride (FeTPP-Cl), using X-ray absorption and emission spectroscopy at the Fe L 2,3 edge, and spectra are interpreted with the help of density functional theory/restricted open shell configuration interaction singles (DFT/ROCIS) calculations. It is argued that the Fe center of FeOEP-Cl is more capable of binding small solvent molecules, exemplified here for Cl 2 CH 2 , than FeTPP-Cl in solution. The proposed binding mechanism is through the assistance of the dipole interaction between the porphyrin-ligand system and the solvent molecule, in a situation where the ligand structure and arrangement maximize the binding interactions. Our studies demonstrate that even small ligands, depending on their structure and arrangement, can have considerable effects on porphyrin's metal center chemistry in liquid solution.
Introduction
Hemoglobin and myoglobin play a vital role in biological systems, responsible for binding and transporting oxygen molecules, O 2 , in which iron porphyrin is the major functional part with its Fe center acting as the absorption site. [1] [2] [3] [4] [5] In an oxygen-molecule binding process, O 2 becomes superoxide ion, O 2 -, once it binds to the Fe site, while Fe is oxidized from 2+ to 3+ oxidation state simultaneously, according to Weiss model. [6] [7] [8] This process creates an ion-induced dipole force between Fe 3+ and O 2 -, also known as dipolar bond that keeps oxygen molecule closely attached during the transportation. Many investigations have been carried out aiming at better understanding the binding characteristic of Fe with O 2 , and also other small molecules, such as Fe-CO, NO, SO, CN in hemoglobin (or myoglobin).
7 -12 The influence of the protein surrounding iron porphyrin in hemoglobin or myoglobin on the bonding nature of Fe with O 2 and CO has also been investigated. 5, 8 Multiple effects from the protein have been identified, including steric hindrance, hydrogen bonding, and local polarity. 1, [13] [14] [15] [16] [17] However, due to the large size and the complex structure of protein, the interaction of protein with small molecules becomes extremely complicated. In addition, little attention has been paid to the small side ligands of porphyrin molecule itself. It is still unclear if there are contributions from the porphyrin side ligands to the small molecule binding process. It is of fundamental importance, to gain a clear and comprehensive understanding of the structural and dynamic properties of this binding interaction, both experimentally and theoretically, under realistic conditions. In order to specifically explore possible ligand effect in the present study, several experimental requirements need to be fulfilled. First, both porphyrin and small molecule need to be embedded in liquid phase to mimic their mutual interactions under realistic conditions where molecules can be highly mobile. 12 Second, iron porphyrin with simple, well-defined, and symmetric ligands should be considered in order to avoid additional complexity in the ligand interactions with small molecules, as would be the case of heme in hemoglobin or myoglobin. Third, to further detail the interaction between the Fe center and small molecules, it is advantageous if only one type of small molecules is present in the solution to rule out possible cooperative or competitive binding to the Fe site. 5, 18 Given these requirements, two iron porphyrin complexes, iron octaethylporphyrin chloride (FeOEP-Cl) and iron tetraphenylporphyrin chloride (FeTPP-Cl), both dissolved in dichloromethane (CH 2 Cl 2 ) solvent, were selected. The molecular structures of porphyrins are shown in figure 1 figure 2A (discussed below). Since binding occurs solely at the Fe site, a site (element) specific probing technique is desirable, making X-ray spectroscopy the most suitable probing tool for liquid samples. [22] [23] [24] X-ray absorption spectroscopy (XAS) and resonant inelastic X-ray scattering (RIXS), with the excitation photon energy tuned to the Fe L 2,3 edge, were employed here to explore the iron 3d electronic structure of the two porphyrin molecules, in which unoccupied valence levels and 3d excitations were measured respectively. 25 The photon-in (excitation) photon-out (probing) process makes our measurements bulk sensitive, significantly reducing possible interface contributions. Compared with the K-edge measurements on transition metal complexes, the Fe 2p to 3d transition studied here is dipole allowed, yielding more intense and more structured spectra associated with 3d orbitals than for the dipole forbidden K-edge transitions. 25 Since there only exist two types of molecules in each sample solution, any significant differences, if observed, in the Fe L-edge XAS and/or RIXS spectra of these two solutions must originate from the side ligands.
Differences are indeed detected, and the specific role played by the ligands is corroborated by our density functional theory/restricted open-shell configuration interaction singles (DFT/ROCIS) calculations.
Experiment
Iron octaethylporphyrin chloride (FeOEP-Cl) and iron tetraphenylporphyrin chloride (FeTPP-Cl) powder samples with 98% purity purchased from TriPorTech were dissolved in solvent dichloromethane (CH 2 Cl 2 ) with >99.9% purity from Sigma Aldrich to prepare the solutions of 15 mM and 25 mM concentrations, respectively. The porphyrin solution was continuously circulated through a flow-cell during the measurements to avoid possible beam damage. A 100-nm thick Si 3 N 4 membrane was used as the flow cell window to allow X-ray to penetrate in and out. 12 The experiment was carried out at the U41-PGM undulator beamline and the LiXEdrom endstation at the synchrotron facility BESSY II, Berlin. The U41-PGM provides horizontally linear polarized light with high photon flux (~10 13 photons/sec) and small focal spot (~40μm of vertical size), which is crucial to our measurements. High flux is required for low-concentration samples, and also when using a flow-cell with its membrane absorbing some fraction of the transmitted photons. Small vertical focal size (~ 40 μm) assures high energy resolution for our photon detection. The photons emitted from the sample were collected along the polarization direction of the incident photon beam (to suppress the elastic peak) through a pinhole, and subsequently dispersed by a spherical grating with 1200 lines/mm and 7.5 m radius. Finally, the dispersed photons were detected by a multi-channel plate (MCP)/fluorescence screen/CCD assembly. 26 The flow-cell was mounted with its membrane surface at 45° with respect to the incoming and outgoing photon directions. The sample, grating, and photon detector are arranged on Rowland circle geometry for accurate focusing. The grating and detector chamber was kept at 10 -8 mbar or lower to protect the grating surface and the MCP from contamination, while the sample chamber was at 10 -7 mbar.
Partial fluorescence yield (PFY) was adopted for XAS measurement in order to reduce self absorption and saturation effects which is common for total fluorescence yield (TFY) detection. 27, 28 The incident photon energy was tuned to the Fe L 2,3 edge, while only the Fe 3d->2p transition was selected for the detection of the emitted photon in both XAS (PFY) and RIXS measurements. The first diffraction order of the grating was chosen due to the low fluorescence yield signal. Since intense photon flux was focused to a tiny beam spot on the flow-cell membrane, thermal effects were inevitable in a long-time exposure of the same sample spot to X-ray. We found though that the spectra remained unchanged if the measurement from a given spot did not exceed 20 min. All spectra presented here are the sum of the measurements obtained from different membrane positions with each less than 20 min exposure to X-ray.
Computation
The DFT calculations for exploring the electronic structure of the Fe site of iron porphyrin molecules were performed with the ORCA program package. 29 Molecular geometry optimizations were carried out using B3LYP density functional method with def2-TZVP(-f) basis set.
30 -32 The Fe 2p to valence level transitions were calculated with DFT/ROCIS using the same basis set and parameters c 1 =0.18, c 2 =0.20, and c 3 =0.40.
33,34
During the geometry-optimization calculations, the resolution of identity approximation was employed with the def2-TZV/J basis set. 35 -40 Numerical integrations in the DFT calculations were performed on a dense grid (ORCA grid4). Fe L-edge absorption spectra, with spin-orbit coupling both included and excluded, were simulated by the summation of each DFT/ROCIS-calculated transition moment with a Gaussian type broadening of 1 eV. With spin-orbit coupling, thousands of transitions are created, making the simulated spectra almost impossible to interpret. The simulated L-edge spectra without spin-orbit coupling have much fewer transitions, without losing or distorting major spectroscopic features on L 3 edge. Thus contributions from unoccupied states to the absorption transitions can be more easily identified. 33 Vibronic interference effects were not taken into account in the calculations.
Results and discussion
Obtained PFY and RIXS spectra of FeOEP-Cl and FeTPP-Cl are shown in figure 2, in blue and red, respectively. Although both molecules have the same nominal Fe 3+ oxidation state, an overall energy shift of 0.4 eV to lower excitation energy of the FeOEP-Cl PFY spectrum is observed when compared with the FeTPP-Cl PFY spectrum, as marked by green dashed lines in figure 2A . Such a shift suggests that the actual Fe oxidation state in FeOEP-Cl is somehwat lower than that in FeTPP-Cl. Another spectroscopic feature in these two molecules' PFY spectra, although barely quantifiable due to poor signal-to-noise ratio, or its existence even being disputable without additional information, is the changed relative intensity ratio of the two leading absorption peaks, marked by the same green dashed lines mentioned above. We do argue thought that the differences of the peak-intensity ratio observed in the PFY spectra are indeed expected, and are in line with the RIXS measurements at the corresponding excitation energies 708.8 eV and 710.5 eV, as we will demonstrate below. The small peak in the FeOEP-Cl PFY spectrum near 705.5 eV is considered statistically insignificant. Quantification of further spectral differences in Figure 2A for the two porphyrins, especially at the L 2 edge, would be difficult, given the low signal-to-noise ratio. We remind that the low solute concentration requires a total data acquisition time of approximately 12-14 h per PFY spectrum, as the ones presented in figure 2A .
The corresponding RIXS spectra, in figure 2B, exhibit broad featureless peaks in general which is constant at a certain emission energy for each absorption edge, indicating that the Fe 3d electronic systems in both porphyrins have little correlation. 25 That is, the Fe 3d valence orbitals appear to be delocalized over the ligands for both molecules. Despite the rather similar RIXS spectra for the two different molecules at most excitation energies, RIXS spectra at 708.8 eV and 710.5 eV in figure 2B unambiguously reveal distinctly different behavior in the relative intensity. We observe an opposite trend in signal intensities, i.e., larger overall intensity for the FeOEP-Cl than for FeTPP-Cl at 708.8 eV excitation energy, and the reverse for 710.5 eV. Such an effect cannot be explained by the different concentrations only. Unlike the XA spectra of figure 2A , the RIXS spectra, measured here at few selected excitation energies and over an extended sampling time, exhibit good signal-to-noise ratio, and the quantitative comparison of the signal intensities for the two porphyrins is well justified. Note that signal integration of the RIXS spectrum at a given excitation energy yields the PFY spectrum; for the measurement of the actual PFY spectrum of figure 2A , each data point (integrated from an actual RIXS spectrum) had to be collected over much shorter time though which is the reason for the unsatisfactory signal level. Hence, above mentioned opposite intensity trends in the good-quality RIXS spectra for excitation at the two leading XA peaks, supports a corresponding intensity change in the PFY spectra; experimentally this effect cannot be unequivocally resolved here, as we have argued above. This different intensity ratio for the two leading absorption peaks together with the aforementioned 0.4 eV energy shift in figure 2A strongly indicates that the Fe ions in the two porphyrin centers have different chemical environments, and hence different ligand fields altering the electronic structure of the Fe site.
The geometry optimizations from our DFT calculations, however, give almost identical bond distances and bond angles of Fe-N and Fe-Cl for both porphyrins (see scheme S1 in the Supporting Information), which should result in very similar electronic structure of the Fe centers for both molecules (see discussions for figure 3, below). So the different ligand fields around the two porphyrin Fe centers are very unlikely caused by their original molecular geometric structures. Since the Fe center in each porphyrin molecule still has one absorption site vacant (opposite to the Cl -in the original porphyrin), we hypothesize that the Fe ion in one of the porphyrin molecular centers has a stronger interaction with solvent molecules through that site than in the other, resulting in different ligand fields due to the different Fe coordinates of the octahedron. Since it is the FeOEP-Cl PFY spectrum (blue trace in figure 2A) RIXS spectra of two porphyrins at indicated excitation energies. All RIXS spectra are plotted against emission photon energy instead of loss energy due to the constant emission energies of spectroscopic features at various excitation energies. Each RIXS spectrum is normalized to its background signal for intensity comparison with others. Therefore, a total of nine different molecular configurations may exist for each porphyrin complex when dissolved in CH 2 Cl 2 solvent. All nine structures were calculated, and are presented in figures S1 and S2 (see Supporting Information), along with the respective experimental PFY spectrum shown at the top of each figure for comparison. It is noted that the theoretical simulation of the two-Cl case (3) was done for the molecular structure of two isolated Cl -ions attached to the Fe center from opposite sides. This symmetry, corresponding to maximized interaction between the Fe center and the Cl -from the solvent molecule, is the preferred structure obtained from geometry optimization. Our simple structure model represents one single relevant snapshot of the many existing dynamical structures in the real solution, but it is yet useful in the theoretical simulation of the qualitative binding interactions. We believe that our simple model is unsuitable though to predict accurate bond strengths, or solute and ligand contributions to the bond. Quantification of these effects would exceed our current computational capabilities.
Overall shapes of the measured PFY spectra are yet distinct enough to allow for the quantitative comparison with the calculated spectra (see figures S1 and S2 in the Supporting Information). The best matching theoretical calculations, along with their experimental spectra, are reproduced in figure 3 for both porphyrins. Colors in figures 3b and 3e follow the same color codes used in figures S1 and S2 in the Supporting Information. Judged by the peak positions and intensities of the first two leading absorption peaks at the L 3 edge, marked by green dashed lines in figure 3 (and also in figures S1 and S2), the best matching calculated spectrum for FeTPP-Cl is the one from the original molecular structure (Fe binds to a single Cl) with high spin multiplicity 2s+1 = 6, as shown in figure 3e (also the top blue trace in figure S2 ), and importantly no other calculated spectrum matches the experimental data, or would contribute significantly to it. For FeOEP-Cl, the same computed spectrum of the original molecular structure with high spin multiplicity 6 (blue trace in figure 3b) seems to also reproduce the respective experimental data. However, the blue trace in figure 3b (also the top blue trace in figure S1 ) is almost identical to figure 3e, and this cannot explain the observed difference of the intensity ratio of the two leading absorption peaks for two porphyrin complexes. Hence, another theoretical spectrum, pink trace in figure 3b (same as the top pink trace in figure S1 ), representative of a configuration of Fe binding to two Cl with high spin multiplicity 6, needs to be invoked to account for the relatively enhanced first absorption peak at 708.4 eV for FeOEP-Cl. Moreover, the larger distance between the first and second absorption peak positions in the pink trace than found in the blue trace of figure 3b could further explain the broader second absorption peak at 710.5 eV of the FeOEP-Cl PFY spectrum when compared to the FeTPP-Cl PFY spectrum, as shown in figures 2A and 3a, 3d.
Traces in figures 3c and 3f are the calculations without spin-orbit coupling perturbation, which significantly reduces the number of transitions, and allows to identify the unoccupied states contributing most to the X-ray absorption transitions at the Fe L 2,3 edge. Five unoccupied Fe 3d orbitals, indicated inside the green squares in figure 3 , are found to have the most significant contributions to the observed X-ray absorption. The first absorption peak located near 708.4 eV for the FeOEP-Cl complex, and 708.8 eV for the FeTPP-Cl complex, mostly originate from t 2g orbitals, while the second absorption peak at approximately 710.5 eV for both porphyrins arises from e g orbitals, as indicated by green dashed squares in figure 3 . This is consistent with the assignment of our previous calculations using a different method. 10 We refer to table S1 as well as figure S3 in the Supporting Information for the detailed information about atomic and orbital contributions to each molecular orbital. Despite the quite good agreement between the theoretical simulations and the experimental spectra, binding strengths and the percentage of the two Cl bound complexes for FeOEP-Cl cannot be determined here, using a very simple structure model as explained above. In addition to the different binding situations, charge transfer at the Fe site also affects the relative peak intensities. 21 It will reduce the relative intensity of t 2g spectral feature (the marked absorption peak around 708.8 eV), as is indeed observed when comparing figure 3d with figure 3e for FeTPP-Cl. We are not able to quantify charge transfer on the level of the theory performed here. Given the almost identical geometrical structures for the central part of the two porphyrins (scheme S1 in Supporting Information), charge transfer is argued to lead to noticeable spectral differences only due to the extra binding discussed here. The inclusion of an additional binding interaction between the Fe 3+ center and a Cl from solvent molecule CH 2 Cl 2 for FeOEP-Cl in solution, as quantified in our DFT/ROCIS calculations, well explains the observed differences of spectroscopic features in figure  2A . As mentioned above, any experimental and theoretical differences inferred from the comparison of the two porphyrin complexes studied here must originate from their side ligand groups. What remains to be discussed is how the side ligand connects to the observed differences described in the previous paragraphs. Specifically, why does FeOEP-Cl have such a binding interaction with small solvent molecules, while FeTPP-Cl does not? We argue that this difference is due to the geometrical structures of these side ligands as well as their arrangements and locations with respect to the porphyrin molecular plane.
The geometry optimizations of the two porphyrin complexes indicate that both molecules have almost identical center parts, which defines the molecular plane containing the Fe center and all the N atoms, and also defines the molecular axis along the Cl-Fe bond direction perpendicular to the molecular plane (see scheme S1 in the Supporting Information). Because of this similarity, DFT/ROCIS calculations give almost identical theoretical spectra for both porphyrin molecules, shown as blue traces in figure 3b and 3e. For the side ligands, eight ethyl groups in FeOEP-Cl complex are all located on one side of the molecular plane with Cl -ion on the other side, giving rise to a total dipole moment of 3.77 Debye according to the DFT geometry optimization. The four phenyl groups (with the phenol molecular plane being almost perpendicular to the porphyrin plane) in FeTPP-Cl, on the other hand, are symmetrically distributed on both sides of the porphyrin molecular plane, resulting in a total 3.09 Debye dipole moment. FeOEP-Cl has hence larger electrostatic attraction to the polar solvent molecule dichloromethane which has a dipole moment of 1.65 Debye. 45 Such a field, when superimposed with the electrical field created by the Fe 3+ in the molecular center, causes a local minimum in the energy potential directly below the Fe center along the molecular axis for negative charge. The proposed ligand-assisted binding process for FeOEP-Cl is illustrated in figure 4 . The ligand-induced electrostatic field may help keep the Cl of the approaching CH 2 Cl 2 bound to the Fe center, similar to the "pocket" effect in the case of large protein present in hemoglobin or myoglobin. 5 The Fe 3+ -Cl -ionic attraction, indicated by the red arrows in figure 4 , is present in both porphyrin solutions, but may not be strong enough to keep the appr0aching solvent molecule in the vicinity of the Fe centers if there is no assistance from the ligands. The H atoms in the phenyl groups of FeTPP-Cl cannot produce a similarly strong electrostatic field to assist the binding process because they are fewer in number and farther in distance to the Fe center. Also, the ethyl groups of FeOEP-Cl are less constraint, and have a larger flexibility to orient their arms in liquid phase, reaching out for nearby Cl from the solvent molecule to "grab" the dichloromethane molecule. Some of the ethyl arms may also reach to the Cl -ion of the porphyrin itself in solution due to the Coulomb attraction.
It is noteworthy that the left FeOEP-Cl geometric structure in figure 4 (also the top inset in figure 3 ) is DFT-optimized for the isolated molecule (gas phase). The arrangement of the ethyl groups in the liquid phase may differ when surrounded by numerous solvent molecules. For the extra binding interaction with the solvent molecules, the DFT geometry optimization and the following DFT/ROCIS calculations were only performed on the molecular configuration of the Fe center bound to two Cl -ions (both Cl -are single ions, none being part of CH 2 Cl 2 ) in the gas phase for both porphyrins. The arrangement of the eight ethyl groups in the right molecular geometry of figure 4 depicts the binding process in solution proposed here. We believe that such a molecular geometry can assist the binding process, and explains the observed differences in the two porphyrins' experimental spectra. The DFT simulation of the iron porphyrin surrounded by numerous CH 2 Cl 2 solvent molecules, as occurring in real solutions, exceeds our computation capability. However, it is clear that solvent molecules bind more strongly to the FeOEP-Cl than to the FeTPP-Cl based on our experimental data and DFT/ROCIS calculations. During the proposed binding process (figure 4), the polar and flexible ethyl groups, combined with the larger molecular dipole moment (also induced by the polar side ligands), drive the increased electrostatic interaction between the Fe center of FeOEP-Cl and the small solvent molecule CH 2 Cl 2 in solution. It should be noted that the chosen solvent molecule CH 2 Cl 2 is just one example of a test molecule, representing a class of small molecules, such as O 2 , CO, etc., existing in real biological system. The finding of the extra binding between the Fe center and small solvent molecules is not specific to the Cl of the solvent. Hence, the binding interaction of the Fe center of FeOEP-Cl with other non-chlorinated small molecules is also expected under the ligand assistance. 
Conclusion
Our soft X-ray absorption and emission spectroscopy measurements, combined with DFT/ROCIS calculations, strongly indicate that the Fe center of FeOEP-Cl porphyrin has a stronger binding interaction with the solvent molecule CH 2 Cl 2 in solution when compared to FeTPP-Cl. This difference is mainly attributed to the different extent of the ligand assistance to the binding process. Our finding will help understand, on the microscopic level, how O 2 or other small molecules bind to iron porphyrin in biologically relevant systems. This work also motivates future researches on the artificial tuning of the porphyrin functionality by modifying the side ligands.
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